Cucurbita pepo (pumpkin, squash, gourd) is extremely variable in fruit characteristics. According to recent botanical and cultivated-plant taxonomical treatments that were based on variations in allozymes and fruit shape, C. pepo consists of three subspecies containing wild and cultivated, inedible, small-fruited sorts (gourds) and eight groups of edible, large-fruited cultivars (pumpkins and squash). Our objective was to determine if these treatments reflect genetic relationships as viewed at the DNA level, through the use AFLP, ISSR, and SSR markers. Forty-five accessions were compared for presence or absence of 448 AFLP, 147 ISSR, and 20 SSR bands, their genetic distances (GDs) were estimated, and UPGMA cluster analysis was conducted. Correlation coefficients were 0.95 between AFLPs and ISSRs, 0.78 between AFLPs and SSRs, and 0.77 between ISSRs and SSRs, all three comparisons with P << 0.001. Overall, clustering and sub-clustering were much in accordance with two highly polygenic characteristics, fruit shape and size. Clustering occurred in accordance with subspecies and sub-clustering in accordance with cultivar-groups. Within-group GDs were less than corresponding between-group GDs in nearly all comparisons. The smallest-fruited accession, 'Miniature Ball', occupied a central position within C. pepo.
INTRODUCTION
Cucurbita pepo L. (Cucurbitaceae) is perhaps the most variable species for fruit characteristics in the plant kingdom (Duchesne, 1786; Naudin, 1856) . Results obtained from studies of allozyme variation and seed morphology have formed the basis for the current botanical classification of C. pepo into three subspecies (Andres, 1987; Decker, 1988) , C. pepo subsp. fraterna (Bailey) Andres, C. pepo subsp. texana (Scheele) Filov, and C. pepo subsp. pepo. The first has been considered as the putative wild ancestor for the species as a whole and consists exclusively of wild gourd forms from northeastern Mexico (Andres, 1987) . The second contains wild gourd forms from the United States as well cultivated ornamental gourds and edible-fruited forms. C. pepo subsp. pepo has not yet been found growing wild, but its presumed geographic area of origin is the most southerly of the three subspecies; it too contains ornamental gourds and edible-fruited forms. Variations in fruit shape, an easily observable, highly polygenic characteristic, are the basis for the cultivated-plant classification of C. pepo to eight groups of edible-fruited domesticates (Paris, 1986) . To these are added two groups of domesticated, ornamental gourds. These 10 cultivar-groups are Pumpkin (round), Cocozelle (long, bulbous cylindrical), Vegetable Marrow (short, tapered cylindral), Zucchini (uniformly cylindrical), Orange Gourd (small, round), Acorn (turbinate, furrowed), Scallop (flat, scalloped) Crookneck (long, narrow neck), Straightneck (short, thick neck), and Ovifera Gourd (small, various shapes). The botanical and horticultural classifications have been merged in accordance with modern rules of botanical nomenclature (Greuter et al., 2000) and nomenclature for cultivated plants (Trehane et al., 1995) . Accordingly, C. pepo subsp.
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pepo contains the first five groups named above and C. pepo subsp. texana contains the other five groups (Paris, 2000) .
Recently, DNA polymorphisms have been applied toward assessing relationships in the genus Cucurbita L. The heretofore most extensive application has been the use of five ISSR primers to study polymorphism among 28 accessions of C. pepo. The results showed a dichotomy between accessions of C. pepo subsp. pepo and those of C. pepo subsp. texana and C. pepo subsp. fraterna, with cultivar-groups tending to form subclusters within their respective subspecies (Katzir et al., 2000) . However, genetic distances among subspecies and cultivar-groups have not been rigorously defined nor have results obtained from different marker systems been compared. The objective of the present study was to assess relationships within C. pepo through the use AFLP, ISSR, and SSR markers, with emphasis on the domesticates. The results were expected to clarify genetic relationships among subspecies, cultivar-groups, and accessions across a broad spectrum of the gene pool of cultivated C. pepo.
MATERIALS AND METHODS

Plant Material
Forty-five accessions of C. pepo were sampled, 20 of which were the same as those included in a study on ISSR variation among 28 C. pepo accessions (Katzir et al., 2000) . The affiliation of the 45 accessions as to subspecies, cultivar-group, and seed source are presented in Table 1 . The majority of the accessions were represented by the original seeds obtained from seed companies or collectors whilst the rest were derived from self-or sib-pollination of plants grown from the original seeds. Plants of all accessions had been grown to maturity out in the field at least twice to confirm and reconfirm the identity of the accessions and that they were uniform at least for fruit shape.
Each of the four edible-fruited cultivar-groups of C. pepo subsp. texana had three representatives, as did the cultivated and wild gourds assigned to this subspecies (Table  1 ). The four edible-fruited cultivar-groups of C. pepo subsp. pepo contain far more cultivars and have a wider distribution than any of those of C. pepo subsp. texana , and thus were represented by a greater number of cultivars in this survey (Table 1) , the number of cultivars representing each group in accordance with its phenotypic diversity.
Seeds of the 45 accessions were planted in flats filled with a potting soil mix or in the field. Samples for analysis were taken from the first true leaf of plants approximately 17 days after emergence. Leaf samples taken from four to eight plants of each accession were bulked for analysis.
AFLP, ISSR and SSR Analyses
AFLP analysis was performed based on the protocol described by Vos et al. (1995) . Genomic DNA (40-50 ng) was restricted with EcoRI and MseI (0.25 U each) in a restriction buffer (10 mM Tris-HCL pH 7.5, 10 mM Mg-acetate, 50 mM K-acetate) in a final volume of 5 µl. EcoRI and MseI adapters were subsequently ligated to the digested DNA fragments in a final volume of 10 µl. ISSR and SSR analyses were performed as described by Katzir et al. (2000) .
Band Scoring and Data Analysis
DNA fragments from each one of the three marker types (AFLP, ISSR and SSR) were scored as present (1) or absent (0). For each type of marker, a binary file was prepared. The analysis was conducted in two general stages: first, bootstrapping and calculation of genetic distances (GDs) (Nei and Li, 1979) using the PhylTools software (Buntjer, 2000) and second, cluster analysis by the UPGMA method (Sneath and Sokal, 1973) , conducted with NEIGHBOR and CONSENSE software (PHYLIP package) (Felsenstein, 1993) and drawing of a consensus tree with TreeView software (Page, 1996) . Estimates of similarity among genetic-distance matrices were calculated with Mantel matrix correspondence tests (Mantel, 1967) using the Arlequin software (Schneider et al., 2000) . Significance for the Mantel tests was determined by 1000 permutations.
RESULTS AND DISCUSSION
Each of the 14 AFLP primer combinations yielded 18 to 55 amplification products, of which 10 to 32 were polymorphic (Table 2) . They produced a total of 448 easily scored bands of which 280 (63%) were polymorphic. The number of reliably scoreable bands produced using six ISSR primers ranged from 16 to 34, of which 15 to 23 were polymorphic. Of the total of 147 ISSR bands scored, 108 (74%) were polymorphic. Seven Cucumis SSRs amplified a total of 20 polymorphic, distinct, scoreable products. Thus, the results are based on data from a large number of AFLP bands, a moderate number of ISSR bands and on relatively few SSR bands.
The dendrograms and genetic distance matrices produced from the AFLP, ISSR, and SSR data were similar. Correlation coefficients by Mantel tests were 0.95 between the AFLPs and ISSRs, 0.78 between the AFLPs and SSRs, and 0.77 between the ISSRs and SSRs, all three with a significance of P<0.000001. A condensed genetic-distance matrix (Table 2 ) and a dendrogram (Fig. 1) based on the SSRs serve as an overview of the results.
GDs were in nearly all cases lower within subspecies and cultivar-groups than between subspecies and cultivar-groups ( Table 2 ). The Zucchini Group had the lowest within-group GD value, 0.04.
The SSR dendrogram ( Fig. 1) had two major clusters, one consisting of subsp. pepo (P) and the other of subsp. texana (T). The two representatives of subsp. fraterna (F) paired together between the two major clusters. However, the fraterna gourds were genetically more distant to subsp. pepo than were some of the cultivar-groups of subsp. texana (Table 2) ; they were also genetically more distant to the cultivar-groups of subsp. texana than were some of the cultivar-groups of subsp. pepo, most noticeably the Orange Gourd Group (P-GP).
The four edible-fruited cultivar-groups of subsp. texana formed separate subclusters within the subsp. texana cluster. Although the three accessions of the Scallop Group (T-SC) sub-clustered with four of the gourds (two each of T-GO and T-GT) in the SSR dendrogram (Fig. 1) , they formed a sub-cluster separate from all other accessions in the AFLP and ISSR dendrograms (not presented). The accessions of the Crookneck Group (T-CN) sub-clustered with the remaining two texana gourd accessions in the SSR dendrogram, but sub-clustered separately from them in the AFLP and ISSR dendrograms. In both the AFLP and ISSR dendrograms, the cultivated Ovifera Gourd Group (T-GO) sub-clustered separately from the wild gourds (T-GT). The Acorn Group (T-AC) and the Straightneck Group (T-SN) sub-clustered separately in all three dendrograms, but these two cultivar-groups showed some affinity to one another, as is evident in the SSR dendrogram ( Fig. 1) and GDs (Table 2) .
Within subsp. pepo, the representatives of the Zucchini Group (P-ZU) formed a distinct sub-cluster in the SSR dendrogram (Fig. 1) as well as in the AFLP and ISSR dendrograms (not presented). The representatives of the Orange Gourd Group (P-GP) tended to cluster together, but 'Miniature Ball' was basal to subsp. texana in the AFLP dendrogram and to subsp. pepo in the ISSR dendrogram. The representatives of the Cocozelle Group (P-CO) and the Vegetable Marrow Group (P-VM) were well separated from one another but the Pumpkin Group (P-PU) was less cohesive, showing some affinity to the cocozelles and vegetable marrows (Fig. 1) . Within-group GDs were rather high for the Pumpkin and Cocozelle Groups, reflecting the great phenotypic diversity of these two cultivar-groups. High between-group GDs occurred for the Orange Gourd and Zucchini Groups.
Most unusual of the 45 accessions was the gourd 'Miniature Ball' (P-GP-MNB). Using AFLPs, the average of the GDs of 'Miniature Ball' to the accessions of subsp. pepo was identical to that of 'Miniature Ball' to the accessions of subsp. texana. Using ISSRs, 'Miniature Ball' was on average less distant to subsp. pepo but using SSRs, it was less distant to subsp. texana (data not presented). Overall, these results indicate that 'Miniature Ball' occupies a central position within C. pepo. Furthermore, the GDs of 'Miniature Ball' to the cultivar-groups of both, subsp. texana and subsp. pepo, were lower than those of subsp. fraterna, using all three marker systems. The phenotypic characteristics of 'Miniature Ball' are much like those of accessions documented as having been collected in the wild: vining plants with thin stems, small leaf laminae, many branches, and fruits that are bitter, with external coloration of alternating broad dark stripes and narrow light stripes; the fruits are even smaller than those of the wild accessions. It is not known to us whether 'Miniature Ball' was selected in cultivation or in fact collected in the wild and then maintained in cultivation, essentially unchanged, for use as an ornament. However, its small fruit size does not favor its being a product of introgression with cultigens. The phenotypic characteristics of 'Miniature Ball' and its intermediate genetic relationships to the cultivated C. pepo accessions are what would be expected from a wild or primitive ancestor.
Fruit size, a highly polygenic characteristic, separates the edible-fruited forms (pumpkins and squash), which have larger fruits, from the ornamental and wild forms (gourds), which have smaller fruits. This separation was reflected in the results derived from the AFLP and ISSR markers. Fruit shape, another highly polygenic characteristic, separates the edible-fruited cultigens into eight cultivar-groups (Paris, 1986) . This separation was also reflected in the results derived from all three types of DNA markers. DNA polymorphisms are, therefore, quite consistent with phenotypic variation of two highly polygenic characteristics: fruit size and fruit shape. Tables   Table 2 . Genetic distance matrix of groups using SSR analysis. Dipartite abbreviations are the first two parts of the tripartite abbreviations listed in Table 1 T-AC T-SC T-CN T-SN T-GO T-GT F-GF P-GP P-PU P-VM P-CO P-ZU Tripartite designation is for subspecies, group, and abbreviated accession name, respectively. For subspecies: T = texana, F = fraterna, P = pepo. For Group: AC = Acorn, CN = Crookneck, SC = Scallop, SN = Straightneck, GO = Ovifera Gourd, GT = texana gourd, GF = fraterna gourd, CO = Cocozelle, PU = Pumpkin, VM = Vegetable marrow, ZU = Zucchini, GP = Orange Gourd. Fig. 1 . Unrooted dendrogram derived from a UPGMA cluster analysis of 45 Cucurbita pepo accessions, using 20 SSR bands. The tripartite designations are as in Table 1 .
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